We improved a previously developed quantitative malaria diagnostic system based on fluorescent 23 Blue-ray optical device. Here, we first improved the diagnostic system to enable fully automated 24 operation and the field application was evaluated in Kenya. We detected Plasmodium falciparum in 25 blood samples collected from 288 individuals aged 1-16 years using nested polymerase chain 26 reaction (nPCR), rapid diagnostic test (RDT), and automated system. Compared to RDT, the 27 automated system exhibited a higher sensitivity (100%; 95% confidence interval [CI], 93.3-100%) 28 and specificity (92.8%; 95%CI, 88.5-95.8%). The limit of detection was 0.0061%. Linear regression 29 analysis revealed a correlation between the automated system and microscopic examination for 30 detecting parasitemia (adjusted R 2 value=0.63, P=1.13×10 -12 ). The automated system exhibited a 31 stable quantification of parasitemia and a higher diagnostic accuracy for parasitemia than RDT. This 32 indicates the potential of this system as a valid alternative to conventional methods used at local 33 health facilities, which lack basic infrastructure. 34 35
Abstract: 22 We improved a previously developed quantitative malaria diagnostic system based on fluorescent 23 Blue-ray optical device. Here, we first improved the diagnostic system to enable fully automated 24 operation and the field application was evaluated in Kenya. We detected Plasmodium falciparum in 25 blood samples collected from 288 individuals aged 1-16 years using nested polymerase chain 26 reaction (nPCR), rapid diagnostic test (RDT), and automated system. Compared to RDT, the 27 automated system exhibited a higher sensitivity (100%; 95% confidence interval [CI], 93.3-100%) 28 and specificity (92.8%; 95%CI, 88.5-95.8%). The limit of detection was 0.0061%. Linear regression 29 analysis revealed a correlation between the automated system and microscopic examination for 30 detecting parasitemia (adjusted R 2 value=0.63, P=1.13×10 -12 ). The automated system exhibited a 31 stable quantification of parasitemia and a higher diagnostic accuracy for parasitemia than RDT. This 32 Introduction 36 Globally, malaria is one of the "big three" infectious diseases with approximately 37 million 37 people at risk for contracting malaria (WHO, 2018) . Malaria is a vector-borne disease, which is 38 caused by infection from Plasmodium spp. and is transmitted by Anopheles mosquitoes. The United 39 Nations Sustainable Development Goals had proposed to end the epidemic of malaria by 2030 40 (WHO, 2015) . Although the annual case fatality rate has not increased recently, 435,000 malaria-41 related deaths were recorded in over 100 countries in 2017 (WHO, 2018). Since 2014, new malaria demonstrated almost a linear correlation between our malaria diagnostic system and microscopic 72 examination for the detection of percentage parasitemia (R 2 =0.99993) in the range of 0.0001-1.0% 73 (Yamamoto et al., 2019) . The limit of detection (LOD) was 10 parasites/μL (Yamamoto et al., 2019) , 74 which was much lower than that (100-200 parasites/μL) achievable by microscopy and other malaria 75 RDTs (Bell et al., 2006; Wongsrichanalai et al., 2007) . However, these results were obtained under 76 controlled laboratory conditions using a laboratory-cultured P. falciparum clone that was highly 77 distinct from the strains found in patient samples obtained from malaria-endemic regions. In this 78 study, we first improved the diagnostic system to enable fully automated operation. Further, we 79 evaluated whether the automated system accurately diagnosed P. falciparum in individuals living in 80 Kenya, a malaria endemic area. 81 82
Results

83
Limit of detection of the 18S rRNA nested PCR 84 The 18S rRNA nested nPCR method was used to detect the malaria parasites. The LOD of 85 the parasite density was determined by nPCR using a laboratory-adapted 3D7 clone at a density 86 range of 0.0375 to 4 parasites/μL (using 2-fold dilutions in 12 different rows) ( Figure 1) . A probit 87 analysis was performed to determine the density at which the parasite could be detected with 95% 88 confidence. The analysis revealed that LOD of the nPCR was 2.56 parasites/μL. Dashed lines is 95% detection probability of parasite. Continuous lines is based on the probit analysis 93 using a serial dilution of 3D7 in vitro culture. 94 95 Study subjects and malaria positive rates 96 Among the 288 school children enrolled in this study, 11 children were excluded as we did 97 not obtain adequate amount of blood samples (n=3) or because the blood coagulated (n=8) ( Figure   98 2). We performed nPCR analysis on the blood samples collected from the remaining 277 individuals. 99 The analysis revealed that 56 (20.2%) samples tested positive for the malaria parasite. Among the 56 100 parasite-positive samples, 48 samples tested positive only for P. falciparum, 4 samples tested 101 positive for P. falciparum and P. ovale, one sample tested positive for P. falciparum and P. The mean age of the participants was 8.4 years (range: 1-16 years). Almost none of the 111 individuals exhibited malaria symptoms (Table 1) . The mean hemoglobin level among the study 112 subjects was 12.2 g/dL. Only three individuals had a hemoglobin level of less than 7 g/dL. The 113 median percentage parasitemia in the malaria parasite-positive samples as determined by nPCR was 114 0.04% (range: 0.00043-1.3%). The sensitivity and specificity of the RDT were 98.1% and 54.8%, respectively (Table 2) . 120 The negative predictive value of the RDT was very high (99.2%), while positive predictive value 121 was low (only 34.2%). Previously, we had developed a SiO 2 nanofiber filtration system that could remove WBCs 128 and platelets (Yatsushiro et al., 2016) . By the modification of SiO 2 nanofiber surface and strict 129 control of pore size, only RBCs can pass through this filtration system, which can be executed 130 without a centrifugation step. However, this SiO 2 nanofiber filter was not incorporated within the 131 scan disc of the diagnostic system and an additional manual step was required for the malaria 132 diagnosis. Hence, we developed a SiO 2 nanofiber filter that is small enough to be placed inside the 133 scan disc. To verify the functioning of the fabricated SiO 2 , we analyzed the blood samples obtained 134 from Kenyan individuals. We observed that the redesigned SiO 2 nanofiber filtration system removed 135 most of the white blood cells (WBCs). The median number of remaining WBCs on the detection area 136 was 44 ( Figure 3 ). This system could also efficiently remove the platelets. The mean and median 137 percentages of the filtered platelets were 90.2% and 91.7%, respectively (Table 3) . Determination of parasitemia with the redesigned malaria diagnostic system 148 After the removal of WBCs and platelets by the SiO 2 nanofiber filtration system, the RBCs 149 were allowed to spread on the detection area, which were stained with a pre-adsorbed nuclear-150 specific fluorescence dye (Hoechst 34580). The staining yielded fluorescent-positive images of the 151 malaria parasites in the infected cells ( Figure 4A ). Fluorescence intensity of malaria parasite was 152 evidently lower than that of WBC ( Figure 4B ). Fluorescence intensities that were 1.4-2.4-times higher than those of uninfected RBCs ( Figure 4B ) and had a fluorescent spot with a size from 1.0 154 μm 2 to 10 μm 2 were considered to be malaria-infected RBCs {Yamamoto, 2019 #27904}. As 155 hemoglobin has a strong absorption peak at the excitation wavelength of 400 nm ( We first determined the critical value (CV) and LOD of our diagnostic system using 186 parasite-negative blood samples obtained from Kenyan individuals (n=221). The percentage 187 parasitemia evaluated by the malaria diagnostic system for these samples ranged from 0 to 0.01% 188 (mean: 0.0018% and standard deviation (SD): 0.0018%) ( Table 5 ). We calculated the CV and LOD 189 of the malaria diagnostic system from these values, which were 0.0048% and 0.0077%, respectively. To assess the variability in diagnostic accuracy across different groups of participants, we 215 analyzed the blood samples obtained from Japanese healthy volunteers (n=40) ( Table 7) . The malaria Next, we performed a linear regression analysis to correlate the percentage parasitemia values 243 obtained by the two detection methods ( Figure 5 ). This analysis yielded the following equation: 244 Predicted logarithmic transformed parasitemia by microscopy = 245 0.74 + (1.40 × parasitemia by automated malaria diagnostic system) with an adjusted R 2 value 246 of 0.6254 (P=1.13×10 -12 ). As mentioned previously, the CV and LOD for our diagnostic system were 247 0.0048% and 0.0077%, respectively (Table 5 ). Using this regression equation, the corresponding CV 248 and LOD for the microscopically determined parasitemia were estimated to be 0.0031% and 249 0.0061%, respectively (Table 5) . device-based malaria diagnostic system (Yamamoto et al., 2019) . In this study, we redesigned the 258 blood cell-filtering system and evaluated the field application of the redesigned device in a malaria-259 endemic region in Kenya. For this study, we enrolled Kenyan individuals who exhibited a very low 260 parasitemia percentage (median: 0.04%) ( Table 1) . Our automated malaria diagnostic system could 261 detect malaria parasites with a high sensitivity value (100%) ( Table 2) . Additionally, the specificity 262 (92.8%) of our diagnostic system was much higher than that observed for other commercial RDTs 263 (55%). The high specificity of diagnosis may prevent unnecessary administration of antimalarial 264 drugs to non-malaria parasite-infected individuals. Consequently, this may alleviate the risks 265 associated with the emergence and spread of drug-resistant malaria parasites (WHO, 2011).
The estimated LOD of our diagnostic system for the microscopically adjusted parasitemia in 267 Kenyan individuals was 0.0061% (305 parasites/μL) (Table 5) , which was approximately 30 times 268 higher than that observed in our previous study (0.0002%, 10 parasites/μL) (Yamamoto et al., 2019) . 269 The LOD is mostly determined by the number of fluorescent spots that are incorrectly recognized as 270 malaria parasites in the parasite-negative samples. One potential cause of these incorrectly detected The other cause for the high LOD may be the platelets. Generally, platelets are not stained by 288 the DNA-specific dyes. However, it is possible that a very small proportion of platelets were stained 289 with this dye ( Figure 4C ). If the stained platelets attach to the surface of RBCs they could potentially 290 be misrecognized as fluorescent spots derived from the parasitic nucleus. The blood samples used in our earlier study were obtained from the Japanese Red Cross Society and had been pretreated for 292 RBC transfusion. Therefore, approximately 99% of the platelets had been removed before the 293 analysis. In this study, we used fresh blood samples obtained from Kenyan individuals. To remove 294 the platelets, we had developed SiO 2 nanofiber filters (Yatsushiro et al., 2016) , which were 295 redesigned in this study. The revamped SiO 2 nanofiber filters trapped approximately 90% of platelets 296 (Table 3) , which was relatively lower than the method used for the RBC purification for blood 297 transfusions (99%). This indicated that more platelets were likely to have remained on the detection 
305
To reduce the number of manual steps required after blood sampling, we downsized the cell 306 separation device and mounted it on the scan disc ( Figure 6B and Figure 6-figure supplement 1) . 307 This refinement enabled the automation of the diagnostic system and reduced the amount of blood 308 needed for diagnosis. Since the revamped separation device is made of resin by conventional 309 injection molding, the required number of parts, manufacturing steps, and costs can be reduced. 319 However, these new devices may not be suitable for POC as they are not portable and require huge 320 power supply. However, our malaria diagnostic system is portable, battery driven, and robust. 321 Robustness is particularly important as malaria diagnosis is commonly performed in tropical regions 322 with severe conditions, such as high temperature, humidity, and dusty environment. We previously 323 reported the stability of our scan disc for several months at room temperature for the detection of P. In conclusion, we have developed an automated, quantitative malaria diagnostic system using 335 a fluorescent Blue-ray optical device. The only manual steps involved in the use of this system are 336 the dilution of the blood sample and its injection into a scan disc (Video 1), which would enable 337 local health authorities to achieve the stable detection and quantification of parasitemia. Field testing 338 of the system in Kenya revealed that the diagnostic system has a high diagnostic accuracy. These 339 promising results indicate the potential of this diagnostic system as a valid alternative to 340 conventional methods used at local health facilities, which lack basic infrastructure. 341 20 342
Materials and Methods
343
Automated malaria diagnostic system design 344 The automated malaria diagnostic system is primarily composed of two devices ( Figure 6A ): 345 the scan disc (EZBNPC01AT, Panasonic Corp., Osaka, Japan) ( Figure 6B ) and the fluorescence 346 image reader (EZBLMOH01T, Panasonic Corp.) ( Figure 6C ). The scan disc has a flow-path disc 367 We developed a SiO 2 nanofiber filter that was small enough (15 mm × 2 mm, 250 µm 368 thickness) to be placed inside the scan disc. The redesigned SiO 2 nanofiber filter was positioned next 369 to the blood sample injection site ( Figure 6B ). When the blood sample is applied to the scan disc, it 50 infected individuals are sufficient to detect P. falciparum with an expected sensitivity of 95% and 407 a lower bound 95% confidence interval value of 80%. We assumed that the prevalence of P. 408 falciparum infection in the study area was 20%, which estimated that 250 individuals must be 409 recruited for the study. This estimate is well matched to the sample size used in our study. 410 The study was conducted using a community-based cross-sectional survey in all villages and 411 14 primary/secondary schools. We collected the blood samples from school children aged 1-16 years 412 using finger-prick technique. The consent to participate in this study was obtained directly from the 413 children in the presence of legal guardians or through their parents. Blood collection was performed 414 from 8 am to 1 pm. The blood samples were stored in BD Microtainer Tubes containing K 2 EDTA (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and immediately transferred to the 416 central laboratories at the International Centre of Insect Physiology and Ecology (Nairobi, Kenya). 417 We analyzed a maximum of 40 samples in one day. The hemoglobin level was measured with a 418 HemoCue Hb201+ system (HemoCue AB, Ängelholm, Sweden). P. falciparum infection was 419 screened using a commercial RDT kit (Paracheck-Pf® Rapid Test for P. falciparum, ver. 3, Orchid 420 Biomedical Systems, Verna, Goa, India). We prepared thin and thick blood smears on site. The thin 421 blood smears were fixed with methanol. All smears were stained with 10% Giemsa solution for 10 422 min and examined under oil immersion under a light microscope (Olympus, Co., Ltd., Tokyo, Japan) 423 at 1000X magnification. 424 For molecular analysis, whole-blood samples (20 µL) were transferred onto Whatman FTA® 425 microcards (GE Healthcare, Chicago, IL, USA). The samples were allowed to dry at room 426 temperature and stored separately in plastic bags at -20°C. DNA was extracted from the 5.5-mm-427 diameter blood spots using the QIAamp DNA Micro Kit (QIAGEN, Venlo, Netherlands). The final 428 elution volume was 20 µL. Individuals who tested positive for malaria were treated with 429 Artemether-lumefantrine. 430 The purpose and procedure of the study were informed to the participants through local 431 interpreters. Written informed consent was obtained from their parents or legal guardians. . In this study, we determined the LOD of parasite density using a laboratory-adapted 3D7 clone at a density range of 0.0375-4 441 parasites/μL (using 2-fold dilutions in 12 different rows). Probit analysis was performed to determine 442 the minimal density at which the parasite would be detected with 95% confidence. Parasitemia in P. 443 falciparum-positive cases was determined by counting 10,000 RBC using thin blood smears or 444 counting 500 WBCs using thick blood smears, while that in P. falciparum-negative cases was 445 determined by counting 500 WBCs in thick blood smears through microscopic examination. Figure 7A and Video 1). The first three steps are 450 manually performed by the technician and the last three steps are automated in the device. The steps 451 involved in the diagnosis are as follows:
Development of SiO 2 nanofiber device
Step 1, the finger-prick blood sample is collected into a 452 capillary tube. The blood (2 µL) is then manually diluted (1:100) using a buffer solution (198 µL); 453 Step 2, the diluted blood sample is injected into the scan disc;
Step 3, the scan disc is set up in the IUPAC, 1997) . In this study, the samples that tested negative for the parasites in nPCR and verified 483 by microscopic evaluation were used as true negatives for determining the CV and LOD. When the 484 parasitemia percentage determined by our automated system was higher than the CV, the sample was 485 considered as parasite-positive. Conversely, when the parasitemia percentage determined by the 486 system was lower than the CV, the sample was considered as parasite negative. 487 The significance of discordance was measured by Welch's t test, Chi-squared test or 488 McNemar's test. All statistical analyses were performed using R version 3.6.0. Exact 95% Table 5 . Critical value (CV) and limit of detection (LOD) of parasites of the automated malaria 660 diagnostic system. 661 Table 6 . Characteristics of false-positive cases with automated malaria diagnostic system. 662 Table 7 . Diagnostic accuracy of automated malaria diagnostic system for 40 Japanese volunteers 663 Video 1. Diagnostic steps in the automated malaria diagnostic system. 
